Objective: Low testosterone levels have been shown to be predictive for the development of the metabolic syndrome in men. The aim of this study was to describe effects of testosterone deficiency on metabolic syndrome-related parameters in male rats in order to evaluate the rat as a model for the human metabolic syndrome related to low testosterone levels. Methods: Male Sprague-Dawley rats were castrated or sham operated at 16 weeks of age and fed either a standard or a high energy diet. Measured parameters were: food intake, body weight, fat distribution, energy expenditure, physical activity and blood/plasma parameters related to glucose and lipid metabolism. Results: Castration led to an increase in the amount of subcutaneous fat, but did not result in any changes in the visceral fat. Fasting blood glucose levels were increased and free fatty acids concentration decreased in the castrated rats from 2 weeks after castration and throughout the study, whereas no significant differences between the groups were found in any of the other parameters measured. A high-energy diet did not change the response to castration in male Sprague-Dawley rats. Conclusion: Compared to humans rats respond differently to testosterone deficiency. Only few of the features typical for the human metabolic syndrome were observed in castrated male Sprague-Dawley rats. Therefore, we conclude that with the present experimental setup the castrated rat is not an optimal model for studies on the influence of testosterone deficiency on body fat distribution and the development of other central components of the metabolic syndrome.
Introduction
The metabolic syndrome includes insulin resistance and/or impaired glucose regulation and two or more of the following parameters: central obesity, dyslipidemia with raised triglycerides (TG) and low high-density lipoproteincholesterol (HDL-c), hypertension and microalbuminuria. 1 The male sex hormone testosterone is an anabolic hormone that influences body composition and body fat distribution in men. 2, 3 Testosterone deficiency leads to a higher proportion of body fat 2, 4 and to the accumulation of predominantly visceral fat, 5, 6 both factors are believed to be the cause of disturbances in carbohydrate and fat metabolism. In addition, testosterone has been suggested to influence concentrations of glucose, insulin and c-peptide 5, 7, 8 as well as triglyceride and cholesterol levels 8, 9 even after correcting for differences in body fat distribution. In addition, a low testosterone concentration has been considered a risk factor for the development of the metabolic syndrome in middle-aged men. 10, 11 Taken together, this
indicates that hypoandrogenism in men may lead to a state that includes certain parts of the metabolic syndrome, for example central obesity, insulin resistance, impaired glucose regulation and dyslipidemia. One could hypothesize that animals with hypoandrogenism would display the same or similar features and thus be useful as a model for the metabolic syndrome related to testosterone deficiency. Castration is a way of studying the consequences of extreme testosterone deficiency in animal models. In rats it has been shown that castration leads to reduced food intake, reduced body weight gain, a reduced percentage of lean body mass and an increased fat percentage. [12] [13] [14] The effect on fat percentage is thus similar to what is found in humans. Furthermore, testosterone also seems to directly affect glucose and fat metabolism in rats. 15, 16 Whether changes in energy expenditure (EE) and physical activity level are implicated in the effects on body weight and body composition has not been thoroughly investigated. Similarly, the effect of castration on body fat distribution in rats is not well described, nor have the above-mentioned metabolic changes in castrated rats been correlated to changes in body fat distribution. The aim of this study was to investigate the effect of castration on body weight, food intake, fat distribution, EE, physical activity level, glucose tolerance and selected metabolic blood/plasma parameters in lean and diet-induced obese (DIO) male Sprague-Dawley rats in order to evaluate the suitability of the castrated male rat as a model for the metabolic syndrome related to low testosterone concentration.
Materials and methods

Animals
Male Sprague-Dawley rats (14 weeks of age) were purchased from Taconic M&B (Lille Skensved, Denmark). On arrival, the rats were placed in cages (1800 cm 2 ) with 4-5 rats in each cage. After an acclimatization period of 2 weeks the rats were divided into two groups on the basis of body weight (n ¼ 10-12) and housed in groups of 2-3 in a room with a 12 h light cycle (lights on from 0700 to 1900), a relative humidity of 45-65%, a temperature of 20-221C and 8-15 air cycles/h. The rats had free access to water. In the first study, performed in lean rats, the rats were fed ad libitum on a standard rat chow throughout the study period (Altromin 1324, Altromin, Germany). In the second study, where the effect of castration was studied in DIO rats, the Altromin diet was substituted by a high fat, high sucrose diet (Diabetogenic Diet, D12309, Research Diets Inc., New Brunswick, New Jersey) 3 weeks after castration.
The type of experiment was approved by the Animal Experiments Inspectorate, Ministry of Justice, Denmark.
Food intake and body weight Body weight and food intake per cage was recorded twice a week. Average food intake per rat was calculated as food intake per cage divided by the number of rats in the cage.
Castration
The rats were either castrated or sham operated using a median prescrotal approach which spares the epididymal fat pads and their blood supply. Both procedures were performed under general inhalation anesthesia with isofluran (2-3 vol.%), N 2 O (0.4 l/min) and oxygen (0.5 l/min). The rats were premedicated with buprenorphine 0.15 ml/100 g body weight for analgesia (Anorfin s 0.3 mg/ml, GEA, Denmark, diluted 1:10 in sterile 0.9% NaCl). Immediately after the procedure and for the 3 following days, the rats were treated with carprofen 1 ml/kg body weight (Rimadyl s Vet. 50 mg/ml, Pfizer, Denmark, diluted 1:10 in 0.9% sterile NaCl).
Abdominal fat distribution
The rats were scanned using computed tomography (CT, XCT research SA instrument, Stratec Medicintechnic, Norland Medical Systems Inc., Pforzheim, Germany) under inhalation anesthesia with isofluran as described above.
The scans were performed 3-6 days after the operation to determine the fat distribution pattern at baseline, taking into account any changes in tissue mass caused by the surgery, and again 9 weeks after the operation. The fat areas were determined in four sections at four different levels of the abdomen ( Figure 1 ). The top of the pelvis was used as reference line and the four measuring positions were 0.5 cm below and 0.5, 1.0 and 1.5 cm above this reference line, respectively. The visceral, subcutaneous and total abdominal fat areas in the four abdominal slices were quantified semiautomatically with image analysis software (VIS software, Visiopharm, Hoersholm, Denmark). The sums of the fat areas in the four slices were used as a correlate of the subcutaneous, visceral and total abdominal fat depots, respectively. The density threshold used for calculation of the fat areas was between À50 and 50 mg/cm 3 . Method validation tests have shown that the instrument precision (CV% of data obtained without moving the animal between 10 consecutive scans) is 2.6-3.2 for visceral fat and 4.2-5.6 for subcutaneous fat. CV% of data obtained after repositioning the rat 10 times is 6.4-7.0 and 8.0-15.1 for visceral and subcutaneous fat, respectively (Fledelius et al., unpublished). Castration and metabolic syndrome in rats B Christoffersen et al
In lean rats the perirenal, epididymal and mesenteric fat was dissected quantitatively and weighed at the end of the study.
Energy expenditure and activity level Energy expenditure and physical activity level were determined in the lean rats 7-8 weeks after the operation through indirect calorimetry and non-invasive infrared photocell system, respectively. The rats were placed individually in metabolic chambers (Oxymax system, Columbus Instruments, Columbus, USA; the systems were calibrated daily) and supplied with movement detection frames (Automatic Partner APS, Kastrup, Denmark) in a temperature-controlled room with a 12 h light cycle (lights on from 0700 to 1900). During the measurement, animals had free access to water, but food was only available from 1800 to 0700. Data on physical activity, oxygen consumption, carbon dioxide production and flow rate was collected every 20 min. Measurements were performed for 22 h from 0900 to 0700 on the following day. The initial 2 h adaptation period was not included in the analysis. Oxygen consumption (area under the curve for O 2 /kg bodyweight 0.75 ) over the 20 h period was used as measure of daily EE, while the sum of beam interruptions during the same period was used as a measure of daily physical activity.
Oral glucose tolerance test (OGTT)
An OGTT was performed 9-10 weeks after the operation in overnight fasting rats. Blood samples were taken from the tail vein at 11 time points (t ¼ À15, 0, 15, 30, 45, 60, 90, 120, 150 and 180 min) relative to the oral glucose load (3 g/kg bodyweight glucose 500 g/l, SAD, Denmark) which was given by oral gavage immediately after the 0 min blood sample. The average of the À15 and 0 min blood samples was used as baseline concentrations of glucose and insulin. Whole blood (10 ml) for glucose analysis was collected in heparinized capillaries and immediately transferred to tubes with 500 ml EBIO solution (Eppendorf, Hamburg, Germany). Approximately 40 ml blood for insulin analysis was collected in ethylenediminetetraacetic acid (EDTA)-coated capillaries that were kept on ice and centrifuged for 10 min at 41C and 3500 r.p.m. within 1 1 2 h after sampling. The plasma for insulin measurement was diluted 1:3 in inactivated bovine citrate plasma (prepared in-house) frozen on dry ice, and stored at À201C until analysis.
Blood sampling
Blood was taken from the tail vein in conscious rats after an overnight fast 1-2 and again 9-10 weeks after castration/ sham operation. In the lean rats, several metabolic parameters were measured, while only fasting glucose and insulin were measured in the DIO rats. For HbA1c analysis, 5 ml of blood was collected in capillaries that were immediately transferred to tubes with 500 ml hemolyzing agent (Roche A/S Diagnostics, Mannheim, Germany), frozen on dry ice, and stored at À201C until analysis.
Blood samples for analysis of testosterone, TG, total cholesterol and HDL-c were collected in heparinized tubes whereas blood for testing for free fatty acids (FFA) and glycerol was collected in pre-chilled EDTA-coated tubes with 25 ml NaF (42 mg/ml) per 210 ml blood. The tubes were kept on ice until centrifugation for 10 min at 41C and 3500 r.p.m. within 1 2 h after sampling. The plasma was separated, frozen on dry ice, and stored at À201C until analysis (TG, total cholesterol and HDL-c) or at À801C (FFA and glycerol).
Analysis of blood samples
The glucose level was analyzed using the glucose oxidase method according to the manufacturer's instructions, with 10 ml whole blood in 500 ml EBIO buffer (EBIO plus autoanalyzer and solution, Eppendorf, Germany). The insulin level was analyzed using an in-house enzyme-linked immunoabsorbent assay method with polyclonal guinea pig antibody (GP4042D). The sensitivity of the method was 20 pM and the inter-and intra-assay coefficients of variation measured at three different concentration levels of 3500, 600 and 130 pM, respectively, were 5.6, 6.8 and 8.6 % and 4.1, 2.6 and 3.3%.
Triglycerides, total cholesterol, HDL-c, FFA, glycerol and HbA1c were measured on a Hitachi 912 analyzer (Roche A/S Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. Testosterone was measured with a rat testosterone RIA kit (Ramcon A/S, Denmark) with a sensitivity of 0.1 ng/ml.
Calculations and statistical analysis Calculations. The insulin sensitivity index was calculated as: 10 000/square root of ((fasting glucose Â fasting insulin) Â (mean glucose Â mean insulin during the OGTT)). 17 The HDL-c ratio was calculated as HDL-c/total cholesterol.
Statistics. All experimental data were analyzed using SAS s statistical software, version 8.0 for Windows. Data are presented as means7standard deviation (s.d.). Parameters that were measured both in the beginning and at the end of the study were analyzed using a mixed model with 'rat' as a random effect. Body weight and parameters that were only measured at the end of the study were analyzed using a general linear model. Differences between time points, treatment groups and effects of the explanatory variables were considered statistically significant when Po0.05. Mathematical transformation of the response was performed when required (summarized in 3 and 4). The primary models described below were reduced with backwards stepwise reduction removing first interactions and then variables TREATMENT, TIME and TREATMENT Â TIME; body weight was included as a covariate. The statistical analysis was carried out on the sum of the areas of the four slices as well as on the areas of the individual slices. In addition, the relation between CT visceral fat area and total dissected fat mass was evaluated with body weight as a covariate. For the plasma parameters the explanatory variables were: TREATMENT, TIME, VISCERAL FAT AREA, SUBCUTANEOUS FAT AREA and TREATMENT Â TIME. Body weight was included as a covariate. For HbA1c a simple model with only TREATMENT, TIME and TREATMENT Â TIME included was tested. Furthermore, a model with only glucose concentration included was tested separately for each time point to confirm the known correlation between glucose concentration and HbA1c value.
For AUCglucose, AUCinsulin and the OGTT insulin sensitivity index TREATMENT 
Results
Efficiency of castration
Castration resulted in an almost complete disappearance of testosterone from circulation. Testosterone levels in castrated rats were below the detection limit of the method (o0.1 ng/ml) both 2 weeks and again 10 weeks after the operation.
Food intake and body weight There was no difference between the body weight in the two treatment groups in the beginning of the study, but shamoperated rats gained somewhat more weight than castrated rats during the experimental period (week 10: 537746 vs 512723 g, P ¼ 0.06) (Figure 2a ). The calculated cumulated food intake per rat was 1636 g in the sham-operated vs 1598 g in the castrated group (P ¼ n.s.). The abdominal fat areas (subcutaneous, visceral and total) were similar in the two groups in the beginning of the study 1 week after castration, indicating no acute effects of castration on fat distribution. For total fat area and subcutaneous fat area there was a significant statistical interaction between treatment and time (i.e. castration had different effects on the two fat areas depending on the time after operation), while for visceral fat there was only a significant effect of time. The conclusion on the effect of time and castration on the subcutaneous and visceral fat areas was independent of whether the sum of all slices (Figure 2 ) or any one of the four individual slices were used (not shown). The subcutaneous fat area (Figure 2c ) increased in the castrated rats from weeks 1 to 9 (Po0.001), but remained unchanged in the sham-operated rats (P ¼ 0.9). The visceral fat area (Figure 2d ) increased similarly in both castrated and sham-operated rats from weeks 1 to 9 (Po0.001). The total abdominal fat area (Figure 2b ) increased from weeks 1 to 9 in both castrated and in sham-operated rats (Po0.0001), but more so in the castrated rats (week 10: P ¼ 0.06) due to the increase in the subcutaneous fat area in this group.
The analysis of the quantitatively dissected intra-abdominal fat pads showed that sham-operated rats had significantly smaller perirenal fat pads (7.471.8 vs 9.472.2, P ¼ 0.01) compared to the castrated rats. No differences were found in mesenteric fat (7.572.5 vs 7.371.0), epididymal fat (7.871.7 vs 6.372.1) or total dissected fat (22.675.4 vs 22.974.2) between the two groups, confirming the results for visceral fat obtained with CT. The CT visceral fat area was positively related to total dissected fat mass which explained the larger part of the variation in this parameter (with body weight as covariate) (Po0.0001, R 2 ¼ 0.78).This association was also significant (Pp0.0003)
for each individual slice. 
Fasting glucose and insulin levels
The fasting glucose concentration was significantly higher in the castrated rats both in weeks 2 and 10 ( Table 1 ). In both groups the glucose concentration decreased from weeks 2 to 10. The HbA1c was similar in the two groups in week 2, but differed significantly in week 10 where the castrated rats had a higher HbA1c (Po0.01). The correlation between HbA1c and glucose concentration was only significant in week 10 (Po0.01). The fasting insulin concentration did not differ between the groups or time points, although the castrated rats tended to have a slightly higher insulin concentration in week 10. Insulin concentration increased along with increases in visceral fat area.
Oral glucose tolerance
Curves for glucose and insulin concentrations during the OGTT are shown in Figure 3a and b. The AUC was calculated with two different baselines (zero and fasting values) for glucose and insulin and used as measures of glucose tolerance and insulin secretory response, respectively. No differences in AUCglucose or AUCinsulin were found between the treatment groups regardless of which baseline was used. AUCinsulin increased with increasing visceral fat area (Po0.01), while increases in AUCglucose was related to increases in the subcutaneous fat area (Po0.05).
The insulin sensitivity index did not differ between the two groups either, but was negatively related to the subcutaneous fat area (Po0.01). Castration and metabolic syndrome in rats B Christoffersen et al
Parameters related to lipid metabolism
The TG level tended to increase in the sham-operated rats from weeks 2 to 10, although not significantly. Total cholesterol increased significantly from weeks 2 to 10 in both groups, and though the increase was somewhat larger in the castrated rats the difference between the groups was not significant (week 10: P ¼ 0.07). Also there were no significant differences between the groups in total amount of HDL-c or HDL-c ratio, but both increased from weeks 2 to 10. The FFA concentration was significantly lower in the castrated rats both in weeks 2 and 10, and in both groups there was a significant decrease from weeks 2 to 10. For glycerol, treatment and subcutaneous fat area were significant explanatory variables, glycerol being lower in the castrated rats at all times and decreasing with increases in subcutaneous fat area.
Castration combined with high-energy feeding
To evaluate the effect of castration on fat distribution and glucose metabolism in DIO rats, castrated and shamoperated rats were fed a high-energy diet starting 3 weeks after the operation. Data are summarized in Table 2 . Castration and metabolic syndrome in rats B Christoffersen et al
The negative effect of castration on body weight development was more pronounced in DIO rats than in the lean rats, resulting in a significantly higher body weight in the shamoperated rats by the end of the study (week 9: 559731 vs 530730 g, P ¼ 0.05). The rats on high-energy diet had a higher body weight gain and gained more fat (total fat area) compared to rats on normal chow, indicating DIO. Castration did not have any effect on visceral fat accumulation in the DIO rats either -the visceral fat area increased evenly in both groups from weeks 1 to 9. As in the lean rats, the subcutaneous fat area increased in both groups, but more so in the castrated rats, causing a significant difference between the groups in week 9 (P ¼ 0.001). This, however, was not sufficient to produce a significant difference between the groups in total fat area ( Table 2) .
In both groups the change to a high-energy diet led to an increase in fasting glucose and fasting insulin levels from weeks 1-2 to 9. As in the lean rats glucose concentration was higher in the castrated rats compared to the sham operated both in week 2 and in week 9. Castration had no significant effect on fasting insulin, although castrated rats tended to have a slightly higher insulin concentration in week 9. The fasting insulin concentration was positively related to the subcutaneous fat area.
No differences in AUCglucose, AUCinsulin or insulin sensitivity index were found between the sham-operated and castrated rats on high energy diet either (Figure 3c and  d) . Although not directly comparable, the AUCglucose and AUCinsulin were significantly higher in the DIO rats than in the lean rats, while the insulin sensitivity index was significantly lower, indicating diet-induced deterioration of glucose tolerance and insulin sensitivity. In DIO rats, the visceral and subcutaneous fat area influenced AUCinsulin positively and the insulin sensitivity index negatively. The increase in AUCglucose was related to increases in visceral fat area.
Thus, feeding high-energy diet did not enhance the response to castration.
Discussion
Castration of male Sprague-Dawley rats led to slightly lower body weight, increased subcutaneous, but not visceral fat area, increased fasting glucose and HbA1c and decreased levels of FFA and glycerol. Food intake, EE, physical activity and fasting levels of insulin, TG, total cholesterol and HDL-c were largely unaffected by castration both acutely (1-2 weeks) and subchronically (8-10 weeks). Even when fed a high-energy diet, the castrated rats did not tend to develop more metabolic syndrome-like symptoms than sham-operated animals.
The observed tendency towards lower body weight in both lean and DIO castrated rats is in line with previous observations. 12, [18] [19] [20] Differences in food intake, EE or physical activity level could not be singled out as an explanation of this phenomenon. In humans, testosterone concentration is negatively correlated to visceral fat area measured by CT scanning. 5, 6 Consequently, it was unexpected to see that castration in rats did not affect the visceral fat area, but instead led to an increase in the subcutaneous fat area. The result of the CT scanning showing no difference in visceral fat area is supported by the fact that the total amount of dissected intra-abdominal fat did not differ between the two groups. Our results are also in agreement with the data of D Clegg (personal communication; 21 ) who found that castration in rats increased subcutaneous fat mass but had no effect on visceral fat mass. Computed tomography has been demonstrated to be a useful technique for quantifying adipose tissue in both rats 22 and humans, 23 and -being a non-lethal technique -CT is useful for studying changes in the various abdominal fat depots over time. In addition, CT allows a clear differentiation between visceral and subcutaneous abdominal fat 23, 24 ( Figure 1 ). Using chemical analysis as reference Ross et al. 22 has demonstrated that it is possible to predict total adipose tissue mass over the entire length of a rat by using the areas of transverse CT slices with as far as 21 mm between each slice. Owing to the clear anatomical separation of visceral and abdominal subcutaneous fat by the abdominal muscle this prediction can be assumed to be valid for the separate visceral and subcutaneous fat masses as well as for the total fat mass. In several human studies it has been shown that the area of an individual CT slice can convey the same information about abdominal fat mass as a larger series covering a larger part of the abdomen, [25] [26] [27] which is true regardless of which slice in the series is used. 26 Precision does, however, increase slightly by using a larger number of slices. 27 In rats, Fledelius et al. used a CT method with three slices in the central part of the abdomen (Fledelius et al., unpublished) showing that the visceral fat area of the middle slice correlates to the adipose tissue volume calculated from the three slices and with the dissected perirenal and epididymal fat pads. All of the above indicates that it is possible to obtain a correlate of the abdominal fat masses (total, visceral and subcutaneous) by using the fat areas from CT images from the central part of the abdomen as carried out in this study. To further support this we found a significant correlation between total dissected fat mass and both visceral fat area in each of the four slices and the total visceral fat area. Also, despite large differences in visceral and subcutaneous fat areas between the four slices (Figure 1) , the same overall effect of castration on these two fat depots was found regardless of which slice was used for the analysis. In man, testosterone inhibits lipid assimilation in the visceral fat depot and apparently directs the lipid to the abdominal subcutaneous fat depot, 28 an effect supposedly mediated by androgen receptors on the adipocytes. One possible explanation for the difference in effect of testosterone deficiency on fat distribution between rats and men could thus be a difference in distribution of testosterone Castration and metabolic syndrome in rats B Christoffersen et al receptors on adipocytes in the various fat depots in rats and men. This was, however, not confirmed by Sjögren et al. 29 who found that the androgen receptor density in rats was higher in the intra-abdominal than in the subcutaneous adipocytes, which is similar to the situation in humans. 30, 31 Group differences in the concentration, receptor density or effect of other hormones, for example insulin, growth hormone and corticosterone, mediated by differences in testosterone concentration could also play a part, but this remains to be further elucidated. In humans, low testosterone levels result not only in increased visceral fat mass, 5, 6 but is also associated with increased levels of glucose, insulin, TG and cholesterolmarkers of glucose intolerance, insulin resistance and dyslipidemia. 9, 32, 33 Increases in visceral fat mass are known to lead to glucose intolerance and insulin resistance, 5, 7, 32, [34] [35] [36] but testosterone itself is also negatively related to insulin and glucose concentrations independent of age, BMI and fat distribution. 5, 7, 8, 32, 33 An interesting study which involved the castration of men with prostate cancer shows a slight but significant increase in fasting and postprandial glucose and insulin concentrations together with increases in TG and total cholesterol concentrations beginning 1-4 months after castration. 37 Unfortunately, the fat distribution was not assessed in this study, and it is not clear whether these metabolic disturbances are a direct consequence of the testosterone deficiency in itself, or whether they are secondary to testosterone-dependent fat accumulation in the visceral area, or both. If testosterone deficiency/castration had the same metabolic effects in rats as in humans one would expect increases in fasting glucose, insulin, TG and cholesterol concentrations and decreases in glucose tolerance and insulin sensitivity in castrated rats. The only parameter supporting this notion was the fasting glucose concentration. We found a slightly increased fasting glucose concentration in the castrated rats from 1 to 2 weeks after castration and throughout the study period in both lean and DIO rats. Our glucose data are further supported by the HbA1c measurements. No difference in HbA1c was found 10 days after castration, a time-period insufficient for moderately increased glucose levels to have an effect on HbA1c. At 10 weeks after castration a small but significant increase in HbA1c was found in the castrated rats indicating that the concentration of blood glucose was higher over at least 3-4 weeks prior to measurement. Increased glucose levels in castrated rats has also been found in an early study by Legrele and Sutter 38 and in a more recent study by Ramamani et al., 39 although others have found no effect of castration on glucose concentration. 18, 40 High fasting blood glucose indicates a high endogenous glucose production which is more or less equivalent to a high hepatic glucose output. 17 In the light of the unchanged or slightly increased fasting insulin concentration seen in the castrated rats, the increased concentration of fasting glucose could thus indicate insulin resistance at the hepatic level. However, the insulin sensitivity index, which is correlated to both hepatic and whole body insulin sensitivity, 17 did not differ significantly between the groups. In spite of the differences in fasting glucose levels, we found no difference in AUCglucose or AUCinsulin during the OGTT 9-10 weeks after castration, indicating no effect of castration on postprandial glucose tolerance or insulin sensitivity. In contrast, Holmäng and Björntorp 15 detected significantly reduced insulin sensitivity in rats only 10 days after castration, but with the more sensitive hyperinsulinemic, euglycemic clamp technique. This could, however, be an acute effect decreasing with time as the metabolism adapts to the new hormonal environment. Fasting insulin, AUCinsulin and AUCglucose during the OGTT were all dependent on the size of the fat areas, although in a somewhat different manner in the lean and DIO rats. This indicates that either diet, the degree of overall obesity or the absolute sizes of the different fat depots plays a role in the way the different fat depots influence the metabolism. In lean rats, the visceral fat area was positively related to fasting insulin and AUCinsulin, while in the DIO rats this association was only significant for AUCinsulin. These relations are in agreement with several studies where fasting insulin and AUCinsulin have been found to be positively related to visceral fat. [34] [35] [36] 41 On the other hand, it was surprising to see that AUCglucose was not associated with the visceral fat area in the lean rats, since a high visceral fat area often leads to increased AUCglucose. 35, 36 This could be due to the fact that in the lean rats the visceral fat area was not larger than a certain 'critical' value. This was suggested by Pouliot et al., 35 who found that AUCglucose was positively related to the subcutaneous fat area in both lean and obese men, but to visceral fat area only in the obese men. The results from the DIO rats support this point of view, since in this study AUCglucose was positively related to the visceral fat area. Likewise, the insulin sensitivity index was negatively related to subcutaneous fat in both studies, but to visceral fat only in the DIO rats. Free fatty acids and glycerol concentrations were lower in the castrated compared to the sham-operated rats during the entire experimental period. Testosterone is known to increase lipolysis and to decrease lipogenesis, [42] [43] [44] [45] and these two effects could explain the lower FFA concentration. A hypocholesterolemic effect of testosterone has been found in rats fed a cholesterol-rich diet 46 and castration has been shown to lead to increased total cholesterol levels in both men and rats. 16, 37 In the present study, similar tendencies were observed: the cholesterol concentration tended to be higher in castrated rats in week 10. The effect was, however, not significant. This is not surprising since the diets used in the study were not cholesterol enriched. The HDL-c concentration, both total and relative to the total cholesterol concentration, did not differ significantly between the two groups, although there was a tendency for a larger increase in HDL-c in the castrated group, as also found by Haug et al.
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Triglycerides concentration did not differ significantly between the groups. This is different from Kral and Tisell 18 and Richard et al. 40 who found a decreased TG concentration in castrated rats, and from the situation in humans where the TG concentration increases after castration. 37 Taken together, this implies that in castrated rats TG levels are either not affected (this study) or changed in the direction opposite to that seen in humans. One could argue that the effect of testosterone deficiency on fat distribution and metabolism does not show clearly in the lean rats because of the low-fat, high fiber diet that these rats eat compared to the energy dense food readily available for humans. However, the effect of castration on body weight, fat distribution parameters, fasting glucose, fasting insulin, AUCglucose and AUCinsulin was found to be basically the same also in DIO rats. Thus, the effect of testosterone deficiency does not seem depend on the diet. On the other hand, we cannot rule out that the metabolic effects of castration may depend on the age at the time of castration. Both early post-natal castration and castration of older rats with a slower growth rate could have other and perhaps more prominent effects on the metabolism. In addition, a study of longer duration would probably make some of the tendencies found in this study more pronounced.
In conclusion, only few of the features typical for the human metabolic syndrome were observed in castrated male Sprague-Dawley rats. Moreover, the pattern of fat distribution was vastly different between rats and humans: while men with hypoandrogenism accumulate predominantly visceral fat, castrated rats seem to accumulate fat predominantly in the abdominal subcutaneous area. The results indicate that in the present setup the castrated male rat is not an optimal model for studies of the influence of testosterone deficiency on body fat distribution and the development of other components of the metabolic syndrome.
